Multielectrode cochlear implantation is the most effective treatment for profound sensorineural hearing loss. In vivo three-dimensional 3-D localization of cochlear implant electrodes is important for modeling of the electrical field in the cochlea, design of electrode arrays, and may improve speech processor programming for better speech recognition. The prerequisite for 3-D localization of the electrodes is their 2-D localization in x-ray radiographs. In this paper, we develop a practical method to localize the electrodes with high efficiency, accuracy, and reproducibility. In this method, a priori knowledge of the electrodes and their approximate positions are utilized, an intelligent thresholding and segmentation mechanism is embedded, and the electrode center is computed as the weighted geometric center of segmented electrode pixels. Experiments with physical phantoms and human data demonstrate the feasibility and utility of this method. The PC-based program developed for this project is disseminated on the Web.
A large number of people suffer from profound sensorineural hearing loss, 1, 2 and multielectrode cochlear implantation has been the most effective treatment for this population. [3] [4] [5] [6] [7] [8] The implant system consists of internal and external parts. In the internal part, there is an electrode array that stimulates the surviving auditory nerve fibers. 9, 10 In vivo 3-D localization of cochlear implant electrodes is important for modeling of the electrical field in the cochlea, 11, 12 the design of electrode arrays, and may improve speech processor programming for better speech recognition. 13, 14 The electrodes are sub-mm sized. A commercial spiral CT scanner can depict the 3-D trajectory of an electrode array 15, 16 but cannot identify individual electrodes. On the other hand, x-ray radiography can resolve each electrode but cannot provide 3-D details. An attractive approach is to combine advantages of spiral CT and digital radiography. 17, 18 That is, a 3-D distribution of implanted electrodes can be derived from a radiograph 19, 17, 20 or a stereo pair of radiographs, 18 then combined with a corresponding spiral CT image volume. The prerequisite for 3-D localization of the electrodes is their 2-D localization in x-ray radiographs.
In this Technical Note, we develop a practical method to localize the electrodes with high accuracy and reproducibility. In the next section, our method and software are described, which features computerized processing under human guidance. In the third section, experiments with physical phantoms and human data are reported.
A Nucleus electrode array consists of multiple electrode rings. The diameter of the electrodes is tapered from 0.4 to 0.6 mm from the distal to the proximal end, and the length is 0.3 mm. 9 The interelectrode center-to-center distance is 0.75 mm before implantation. The short axis of each electrode is approximately parallel to the central line of the array. The resolution of radiographs can be 0.1 mm.
Because of poor contrast resolution and possible superposition of electrodes in the radiograph, the electrodes are first manually identified via a window-based interface. To facilitate image visualization and analysis, original radiographs are first enhanced using the histogram stretching technique with 5% truncation from both the ends. Then, a circular region of interest ͑ROI͒ is defined around the selected electrode center, which is only approximate. The radius of the ROI is so selected that the electrode under consideration can be completely included.
Otsu's algorithm 21 is modified to extract the electrode from the ROI. Given a normalized histogram h͓i͔, i ͓a,b͔, of the ROI, where ͓a,b͔ is the gray-level range (aϽb) and ͚ iϭa b h͓i͔ϭ1, a threshold T, T͓a,b͔, divides it into two classes with ranges ͓a,T͔ and ͓Tϩ1,b͔, denoting the background and foreground, respectively. The class separability associated with T is defined as
Otsu's method finds the threshold T that maximizes S(T).
Our idea is to iteratively apply Otsu's method and optimally match the thresholding outcome and a priori knowledge of the electrode size. The histogram h͓i͔, i͓a,b͔, of the ROI is first divided into two portions: background ͓a,T͔ and foreground ͓Tϩ1,b͔, with Otsu's algorithm. If the resultant foreground area is within the range of 80%-120% of the nominal area of the electrode, the associated threshold is accepted. If this is not the case, we apply Otsu's algorithm again to an appropriate portion of the histogram. Specifically, if the foreground area is significantly larger than the nominal area, a better threshold should be in the lower part of the histogram, and the lower part h͓i͔, i͓a,T͔, should be thresholded in the next iteration; otherwise, the upper part h͓i͔, i͓Tϩ1,b͔, will be processed. Otsu's method is iteratively applied until a reasonable electrode area is obtained.
After thresholding, the foreground may contain not only the primary electrode but also parts of neighboring electrodes, which show as several disconnected or even connected regions. The roundness of the foreground can be used to judge if this abnormality exists. In the abnormal case, the distances between the ROI center and the foreground pixels are computed, and only 50% of the pixels nearest to the ROI center are kept so that interference from neighboring electrodes can be eliminated, because the primary electrode pixels should be close to the ROI center. After the primary electrode pixels are segmented, the electrode center is obtained by calculating the intensity-weighted geometric center of the primary electrode pixels.
To demonstrate the feasibility and utility of our method, experiments were performed with three datasets, which are a physical phantom, a volunteer ͑the corresponding author͒, and a patient. The physical phantom was constructed according to the average parameters of the human cochlea and the implant array. The phantom consists of a Plexiglas coneshaped base with an open spiral path, a demonstration electrode array that is attached to the open spiral path, and a Plexiglas platform that can be rotated around three axes, on which the plastic cube was mounted. In the volunteer study, a lightweight banana bar 22 was used for fixation of the phantom ͑without the Plexiglas platform͒ to the head via a custom-molded mouthpiece. 18 The patient data were obtained from the modified Stenver's view. 19 Each dataset includes two distinct radiographs, which are referred to as left and right projections, respectively. To compare the efficiency and accuracy of our method versus the manual method, we applied each method ten times for each data set. Figure 1͑a͒ shows the right projection of the phantom. Figures 1͑b͒-͑d͒ illustrate the electrode identification, thresholding, and segmentation processes, respectively. Table I summarizes the average square root errors and the time needed by our method and manual selection for three datasets: the phantom, the patient, and the volunteer. Clearly, our method is substantially faster and much more reproducible than the manual counterpart.
Our electrode localization program was developed in Microsoft Visual Cϩϩ on a personal computer. The functions of this program include ͑1͒ convert 16-bit images to 8-bit images, ͑2͒ display 8-bit raw data images, ͑3͒ set processing parameters, ͑4͒ adjust image size, brightness, and contrast, ͑5͒ search electrodes manually, ͑6͒ search electrodes with our method, and ͑7͒ save coordinates of searched 
